High density polyethylene (HDPE) 
Introduction
Geothermal heat pump (GHP) and surface water source heat pump (SWSHP) provide higher coefficient of performance (COP) than air source heat pump (ASHP) system. Both GHP and SWSHP are known to be energy efficient, and more frequently used as the source of heating and cooling system. Therefore, many researchers have focused on the performance enhancement of GHP and SWSHP systems [1] [2] [3] [4] [5] [6] .
In surface water heat exchanger (SWHE) system, the use of metallic tube with higher heat conductivity reduces the length of cooling tube and takes advantage in pumping head. However, metallic tube that is immersed in water can potentially causes corrosion and brings durability problem. For this reason, non-corrosive high density polyethylene (HDPE) tube has been utilized in SWHE system. However, HDPE, has low thermal conductivity that is 0.4 W/mK, so thermal efficiency is much less than metallic tube. Therefore, many efforts have been made to increase the heat transfer coefficient (U value) of HDPE tube in SWHE system. There are several ways to increase the U value of HDPE tube. First is to reduce the thickness of the tube which brings the reduction in thermal resistance. Second is so-called fin effect by the increasing of the tube surface area. It was shown that HDPE tube with low thermal conductivity and high convection heat transfer coefficient (h o ) showed that the fin effect may not occur when the HDPE tube is immersed in water [7] .
This research suggests grooved HDPE tube to enhance U value of SWHE system. Conventional 32A HDPE smooth tube was grooved and used for the experiments. Grooved tube has less thickness and higher surface area for better convection. In this research, experimental works were performed and calculations utilizing heat transfer equations were utilized to compare the performance of smooth tube and grooved tube. When better performance is observed with grooved HDPE tube, the reason will be investigated whether the increase in U value is associated with thickness change (reduction in cross-sectional volume) or with the fin effect (increase in surface area).
The purposes of this research are (1) to provide U value of smooth tube (32A HDPE tube) for the design of SWHE system, (2) to investigate the effect of grooved tube on increase in U value, (3) to investigate whether the use of grooved HDPE tube (with fin shape) in SWHE system brings fin effect or not, and (4) to investigate the economic benefits with grooved HDPE tube.
Theories of heat transfer and friction loss in tube
Heat transfer rate of fluid and other typical variables in heat exchanger system can be obtained according to eqs. (1) through (4) . In this research, experimentally measured values were used to calculate heat transfer rate [8] . According to the equations, the energy required for cooling when passing through heat exchanger system is in linear relationship with the mass of fluid, specific heat of water, and temperature difference. Also, U value of tube, surface area, and logarithmic mean temperature difference (LMTD) are variables that affect heat transfer rate. When cooling energy is obtained from experimental results, LMTD and total surface area of tube can be used in eq. (3) to obtain U value of the tube:
When the temperature difference of water is not significant, heat transfer through radiation can be ignored. Therefore, when the heat exchange occurs associated with the temperature differences in and outside of tube, the variables that affect heat transfer become conductivity, internal convection, and external convection. In steady-state condition, the heat transfer rate and thermal resistance from inner to outer surface in conductive tube can be obtained using eqs. (5) and (6):
In eqs. (5) and (6) , as the ratio between r o and r i are smaller, in other words, as the thickness of tube becomes smaller (thermal conductivity becomes higher; lower thermal resistance), higher amount of heat passes through.
The inner surface, outer surface, and heat transfer can be classified as components of convection. Surface heat transfer can occur more in turbulent flow than in laminar flow. Surface heat transfer increases as the velocity of liquid increases. When the temperature difference decreases and the diameter of the tube increases, surface heat transfer decreases. Surface heat transfer also increases as the specific heat and the viscosity of water increases. The relationship between such variables and convection heat flow can be explained the Reynolds, Prandtl, Nusselt, and Rayleigh numbers. Equations (7) through (12) allow us to calculate convection heat transfer from inner and outer surface of tube (in SWHE system) in steady-state (natural convection) and forced convection systems. Nusselt, Reynolds and Prandtl numbers can be calculated using eqs. (7) through (9) , and in case of laminar flow (Re < 2300) and turbulent flow (Re ³ 10000), the Nusselt number can be calculated using eq. (10) provided by Sieder and Tate [8] , and eq. (11) by Dittus and Boelter [9] : 
If external liquid can be cross flow with tube, the external Nusselt number can be calculated using eq. (12) given by Churchill and Bernstein [10] . Natural convection outside the tube, steady-state Nusselt, Rayleigh, and Grashof numbers can be calculated using eqs. (13) [11] , (14) , and (15) [7] 
To calculate the thermal resistance associated with inner and outer surface convection, eq. (16) can be used. The U value within the tube can be calculated using eqs. (17) , (18) , and (19) [12] .
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Friction factor can be calculated using eq. (20). Correlation between Reynolds number and the friction factor can be calculated using eqs. 
Experimental procedure
Preparation of sample
The tube line was constructed using smooth tube HDPE 32A, thickness of 5 mm, length of 24.54 m (submersible). The thermal conductivity of the HDPE 32A was 0.4 W/mK [14] . Similar set-up was also constructed using grooved HDPE 32A tube. Two sets were used for comparison of experimental data. Photographic images of the experimental set-up are shown in fig. 1(a) .
The grooving in the HDPE 32A tube was done for 2 mm depth and 3.5 mm width with pitch distance of 5 mm. The width of extruded portion in grooved HDPE tube (fin shape) was 1.5 mm. As the tube was grooved, the reduction in volume of material was 30.3% calculated by eq. (23), but the increase in the surface area of the tube was 69.5% by eq. (24). 
Preparation of testing
The experimental setup consists of two internal cooling water baths (0.8 × 1.2 × 1.2 m), two external circulating water baths, cooling system 2RT, heating system 9 kW, circulating pump with pumping head 10 mAq, maximum flow of 60 lpm, and 25A tube line system. The schematic diagram of experimental set-up is shown in fig. 2 . The control for water temperature was done using silicon controlled rectifier that operates with ±1°C precision. The temperature control in cooling circulating water baths were done using thermo-state. The precision of thermo-state is about ±2°C. For forced convection within water bath, water pump with 2 m pumping head and 30 lpm flow rate was placed on the bottom of each water chamber.
Specification of testing equipment
Electronic flow meter was used. The 28 channels data logger was used to monitor temperature. The speed of external flow of water of tube was measured using propeller type flow meter. Table 1 shows the specification of testing equipment for this experiment. 
Testing
In this study, U values from conventional (smooth tube) and suggested (grooved) HDPE tubes were compared when water was flowing or not. The physical properties of water are presented in tab. 2. The water chamber was in natural convection (when external water flow was terminated) and forced convention mode (external water velocity of 0.1 m/s). U values of smooth tube at natural and forced convection were measured. U values of grooved tube at natural and forced convection were also measured. The experimental variations were set at 4 different conditions (grooved and smooth tube and natural and forced convection). The resulting U values from each condition were compared.
The experiments were conducted at January 2 nd 2013 in Architectural Environmental Laboratory located in Pukyong National University, Busan, Republic of Korea. The experiments were continued for 3 weeks. Temperature and relative humidity of the laboratory were set at 22 ± 2°C and 40 ± 10%, respectively. The temperature of warm water in HDPE tube was set at 41.0 ± 1.0°C, and the temperature of cooling water chamber was set at 16.0 ± 2.0°C. LMTD was maintained at approximately 22°C. The experimental system was operated for 3 hours at a time. Since the actual design of SWSHP uses the flowing rate of cooling water at 0.5-0.7 m/s, the flowing rate of warm water was set at 0.1-0.8 m/s, and varied using step increase of 0.1 m/s. The temperature of warm water at inlet and outlet of the tube was monitored at every 1 second. The temperature of cooling water chamber at lower, middle, and higher portion were also measured at every 1 second. At each flowing rate, the experiments were done for 30 minutes. Before obtaining the meaningful datasets, 10 minutes of thermal equilibrium at testing temperature was provided. The effective flow rate was calculated using the inlet and outlet areas of the tube, doubling these values, and converted them into flow rate per hour. 
Results and discussion

Verification of experimental results using the smooth tube
Convective heat transfers of inner and outer surface of smooth tube were verified using Nusselt number with eqs. (19) , (18), (17), (16) , and (7). Experimental errors of resistances of convections and conduction in tubes were calculated using the difference between calculated U value and experimental U value. Figure 3(a, b) show the Nusselt numbers between calculated and experimental data. The standard deviations (SD) between calculated and experimental Nu numbers from inner surface of smooth tube were 4.73 at the natural convection in test chamber, and 1.47 at the forced convection, respectively.
In the calculation of experimental friction factors of smooth tube, the equivalent length of fittings was applied as follows: elbow was 2.0 m/each and branch flow tee was 2.7 m/each [15] . In test tube system were 45 elbows and one branch tee, length of connection tube was 1.95 m, and the length of linear test tube was 24.54 m. Therefore, the applied total tube length was calculated as 119.19 m. Experiment results on the friction factors of smooth tube were calculated by eq. (20). The results were verified using eqs. (21) and (22). Figure 3 (c, d ) present that the friction factors between calculated and experimental data in smooth tube. SD between calculated and experimental friction factors of inner surface of tube were 0.0004 at the natural convection in test chamber, 0.0006 at the forced convection, respectively. Especially, in the lower Reynolds number range such as 5,000-14,000, friction factor of present work is approximately higher by 0.01 than the friction factor driven by Moody's eqs. (21) and (22).
U value of smooth tube
The U value of smooth tube (with outer diameter of 42 mm and tube thickness of 5 mm) was calculated using eq. (5) through (13) . According to eq. (5) through eq. (19) , at the internal flow velocity of 0.5 m/s, internal thermal resistance R hi of smooth tube at natural convection was 0.00379 K/Wm. External thermal resistance R ho of smooth tube was 0.01311 K/Wm. Thermal resistance due to thickness of the tube R c was 0.10825 K/Wm. Total thermal resistance R (sum of internal thermal resistance, external thermal resistance, and thermal resistance associated with thickness of the tube) was 0.12515 K/Wm. At the internal flow velocity of 0.5 m/s, the internal thermal resistance R hi of smooth tube at forced convection was 0.00379 K/Wm, external thermal resistance R ho was 0.00696 K/Wm, thermal resistance due to thickness of the tube R c was 0.10825 K/Wm, and total thermal resistance R was 0.11900 K/Wm. At the internal flow velocity of 0.5 m/s, total thermal resistance in natural convection (0.12515) was 5.2% higher than that in forced convection (0.11900). This procedure was repeated at each velocity level from 0.1 to 0.8 m/s. Table 3 shows the calculated U value of HDPE tube with external diameter of 42 mm and 38 mm in case of natural and forced convection. The calculated U value from smooth tube varied from 56.12 to 61.19 W/m 2 K with natural convection and with forced convection U value varied from 58.78 to 64.36 W/m 2 K. Therefore, forced convection showed 5.1% higher U value than natural convection. In general, the calculated U values were very similar to those from experiments. Also, the thermal resistance associated with velocity of water was very low, whereas that associated with thickness of the tube was relatively higher. Table 3 shows the U values of smooth tube and grooved tube.
U value of grooved tube
According to eq. (1) through (4), U value of grooved tube was calculated using LMTD, heat transfer rate of fluid, and the surface area of the tube. Table 3 shows experimental U value of grooved tube at both natural and forced convection.
With varying the water velocity from 0.1 to 0.8 m/s, U value of grooved tube ranged from 62.30 to 70.45 W/m 2 K in natural convection and from 72.60 to 80.45 W/m 2 K in forced convection, respectively. Forced convection showed 14.9% higher U value than natural convection. As noted from the case of smooth tube, forced convection always showed higher U value regardless of grooving HDPE tube. U value of grooved tube was 21.5% higher in natural convection, and 23.5% higher in forced convection. The correlation between grooved and smooth tube (associated with the changes in the velocity of the fluid) was calculated. The correlation was 0.9696 in natural convection and 0.9556 in forced convection. Strong correlation was observed between U value and the velocity of water. Table 3 and fig. 3 show that U values of smooth tube and grooved tube in the present work.
Causes of increase in U value of grooved tube
In order to understand the cause of increase in U value, eqs. (1) through (19) were used to obtain U value of smooth tube with outer diameter of 38 mm. For this calculation, the presence of the fin (height 2 mm) was neglected from the grooved tube (outer diameter 42 mm), assuming that it is the smooth tube with the outer diameter of 38 mm and thickness of 3 mm. According to the calculation, the thermal resistance R c was 0.06838 K/Wm, 36.8% lower than thermal resistance from the case with smooth tube that has the outer diameter of 42 mm and thickness of 5 mm. Thermal resistance of 38 mm smooth tube was decreased by reducing outer diameter by 4 mm and thickness by 2 mm. forced convection. When the thickness of smooth tube decreased from 5 mm to 3 mm (30.3% volume reduction of material), U value increased for 63% with natural convection and 65% with forced convection. According to these calculated results, the reduction in thickness is highly effective to increase U value of HDPE tube.
The experimental U value of grooved tube with outer diameter of 42 mm was 70% and 75% of calculated U value of smooth tube with outer diameter of 38 mm, in natural and forced convection, respectively. If the grooved tube showed fin effect, the experimental U value of 42 mm grooved tube must be higher than calculated U value of 38 mm smooth tube. However, our results showed that U value of 42 mm grooved tube was clearly lower than 38 mm smooth tube. Therefore, the result suggests that the cause of increase in U value with the grooved tube was associated with the reduction in cross-sectional volume of the tube, not associated with the fin effect ( fig. 3a and b) . Our finding is that HDPE with lower thermal conductivity of material cannot obtain fin effect in SWHE system.
Friction factor and fouling factor of grooved tube
The average friction factors of grooved tube were 22% higher than smooth tube at natural convection, and 35% higher than at forced convection. The changes in friction factors can be assumed to be caused by the fact that the inner surface of grooved tube was very slightly corrugated because it is a soft material and can be deformed during grooving process. Figure 4(a, b) show the correlation between friction factors and Reynolds number from two tubes, at natural and forced convection in the test chamber.
Fouling factor can influence on U value of real state SWHE in long term operation. Therefore, calculation of R real [KW -1 m -1 ] value at real state tube should consider the fouling factors (R fi + R fo ). Equation (25) represent the real state resistance of tube can be driven from eq. (17) . Fouling factors in the tube and the river were each 0.0001 m 2 K/W, respectively [16] .
In the present work, fouling resistance such as R f = (R fi /A i ) + (R fo /A o ) is 0.00175 Km/W, it is 1.4% of total resistance R = 0.12215 Km/W from clean tube. 
COP comparison between smooth and grooved tube
For the estimation of power consumption with smooth and grooved tube, in this research, our research team established test bed chilling system using 1.0 RT refrigerator (made by LG Co., Ltd.) and the existing tubes. The smooth and grooved tube with 32A HDPE and length of 24.54 m was submerged in water. Calculation of COP was done following eq. (26). In calculation of COP, the electricity power of cooling water circulation pump was not applied in order to evaluate the thermal performances of test cooling tubes. COP experiment was performed only in summer (chilling) condition because the existing experimental system was not designed to support the winter (heating) condition.
COP = output Watt with evaporator/input Watt with motor of compressor (26)
In the experiment, the velocity of fluid in the 32A tubes was 0.7 m/s, and temperature of the chamber was maintained approximately at 20°C. At the condition of natural convection in the chamber, the temperatures of supply cooling water were 39.6°C in the smooth tube and 36.2°C in the grooved tube. COP of the smooth tube and grooved tube was 1.891 and 2.267, respectively. COP of grooved tube was 19.9% higher than that of the smooth tube in the natural convection.
At the condition of forced convection in the chamber, the temperatures of supply cooling water were 37.3°C in the smooth tube, 35.0°C in the grooved tube. COP of the smooth and grooved tube was 2.129 and 2.491, respectively. COP of grooved tube was 17.0% higher than that of the smooth tube in the forced convection.
This increase in COP in the grooved tube was because the U value of grooved tube was 21.5-23.5% higher than that of smooth tube, and as a result, the circulation cooling temperature at grooved tube reduced about 2.4-3.1°C.
Economic evaluation of grooved tube
Cost saving of material with grooved tube in SWHE system was calculated for economic evaluation. Table 4 shows the cost saving with grooved tube in the SWHE system. In determination of length with 32A HDPE tube for 1RT refrigerator system, the lengths of smooth and grooved tube were each found to be 24.32 meters per USRT (assumed same length of both tube systems, see equation in tab. 4). The unit price of the smooth tube was 1.47 US dollars per meter [17] , and the unit price of the grooved tube was 1.18 US dollars per meter in Korean market. The manufacturing cost of grooved tube was 10% higher than that of smooth tube. However, the unit volume of grooved tube was 30% lower than that of smooth tube, thus making 20% reduction in total unit price. The material costs of smooth and grooved tube were calculated to be 35.75 and 28.70 US dollars per RT, respectively. Therefore, the material cost of grooved tube was 20% lower than that of smooth tube in SWHE system. In the calculation of annual power cost savings of circulation pump and compressor with grooved tube system, in this research, our research team used the method of simple estimation, but we did not used the computational simulation. This is the limitation of this research. The assumed factors were applied on running power consumption: COP of smooth tube -2.129, and grooved tube -2.491 (in forced convection experiment, see previous subsection), LMTD -20°C (summer condition), the fluid velocity -0.7 m/s, the unit pressure drop of smooth tube -0.018 mAq, the unit pressure drop of grooved tube -0.023 mAq (from experiment), the annual running time -1,460 h (6 month per year, 8 h per day operation in the residential), and the average load factor -0.65 (as known load factor range is 0.3-1.0) [18] . The unit price of electricity power in Korean market was 0.72 US$ per kWh in the residential [19] .
As result of calculation, the power of circulation pump with grooved tube was 5% higher than that smooth tube. However, power of compressor with grooved tube was 15% lower than that smooth tube. The annual power consumption with smooth tubes was 1648.12 kWh per RT (running time), and for grooved tubes it was 1424.59 kWh per RT. Annual running power cost with smooth tubes was 1186.65 US$ per RT, and for grooved tubes it was 1025.70 US$ per RT. Therefore, the annual electricity power consumption with grooved tubes is 14% lower than with smooth tubes in test bed system. Detailed information is shown in tab. 5. Calculation process of pumping head and compressor's power U value of grooved tube showed approximately 21.5% increase at natural convection in test chamber and 23.5% increase at forced convection than U values from smooth tube.
The result indicates that the increase in U value was associated with the reduction in cross-section volume of HDPE tube wall material rather than the contribution by fin effect. In other words, in case of HDPE tube with higher external convective heat transfer rate, with lower thermal conductivity, extruded fin was behaving as a thermal resistor rather than a thermal bridge.
The material cost of grooved tube was 20% lower than smooth tube, the annual electricity power consumption with grooved tube was 14% lower than smooth tube in test bed SWSHP system. Acronyms ASHP -air source heat pump COP -coefficient of performance GHP -geothermal heat pump HDPE -high density polyethylene SWHE -surface water heat exchanger SWSHP-Surface water source heat pump SCR -silicon controlled rectifier
